Angiogenesis is a complex process mediated by growth factor. One isoform of vascular endothelial growth factor, VEGF165, is reported to be a dominant regulator of angiogenic process. Branched polyethylenimine (bPEI) is a widely used non-viral delivery vector for gene therapy. HEK 293T cells, mixed with bPEI:VEGF165 at different nitrogen:DNA phosphate (N/P) ratios, were exposed to 1-MHz ultrasound (US) pulses. The enhancement effect of microbubble inertial cavitation (IC) on bPEI-mediated VEGF165 transfection was systemically investigated, in an effort to optimize transfection efficiency using low N/P ratios. The results show that: (1) Microbubble IC activity can be quantified as an IC "dose" (ICD) that is affected by US parameters; (2) DNA transfection efficiency initially increases with the increasing ICD, then tends to saturate; (3) the measured ICD, sonopration pore size, and cell viability exhibit high correlation among each other; and (4) IC activity has less cytotoxicity than bPEI, although a combinatorial effect of IC activity and bPEI can be observed on cell viability. The results indicated that ICD could be used as an effective tool to monitor US-mediated gene/drug delivery, and it is possible to optimize bPEI-mediated VEGF transfection efficiency with relatively low N/P ratios by employing appropriate US parameters.
INTRODUCTION
Angiogenesis, the growth of new blood vessels from pre-existing vessels, is a crucial process involved in wound healing and the formation of granulation tissue. This process helps re-establish circulation at the injury site, enhancing the transfer and exchange of nutrients, oxygen and metabolic products, thereby limiting ischemic necrosis. Working as possible mediators or regulators of angiogenesis, vascular endothelial growth factor (VEGF) exerts multiple effects, in particular increasing vascular permeability and promoting the deposition of proangiogenic matrix. Generally, VEGF is a 34 to 46-kDa homodimeric glycoprotein, and there are five human VEGF isoforms; VEGF 121 , VEGF 145 , VEGF 165 , VEGF 189 and VEGF 206 . The transcript encoding VEGF 165 is selected in the present study because it has the most potent biological activity and is detected in the majority of cells and tissues expressing the VEGF gene.
Although the history of gene therapy research can be traced back to the early 1970s, there has been a relatively slow transition of the technology to clinical practice, primarily due to safety concerns. Viral vectors have proven highly efficient gene carriers, but strong cytotoxicity and immunogenicity limit their clinical application. Polyethylenimine (PEI), one of the most widely used non-viral gene delivery vectors (Neu et al. 2005) , is a cationic polymer that easily forms polyelectrolyte complexes with plasmid DNA, mediating transfection by condensing the nucleic acid into nanoparticles, and protecting it from enzymatic degradation. The efficiency and cytotoxicity of PEI-mediated DNA transfection increase simultaneously with the increments of both the PEI molecular weight and the PEI nitrogen:DNA phosphate (N/P) ratio (Fischer et al. 1999; Huh et al. 2007; Yoon et al. 2008) , partly accounting for the fact that this technology has not yet been applied to human studies. Usually, N/P ratios are kept between 7 and 10, to balance transfection efficiency with cytotoxicity (Deshpande and Prausnitz, 2007; Yoon et al. 2008) . However, Yoon et al. reported that cell viability could be significantly high at an N/P ratio as low as 5 (Yoon et al., 2008) . Thus, there is an urgent need to discover better materials and methods to enhance transfection efficiency and lower toxicity.
Many studies have shown that ultrasound (US)-mediated microbubble destruction is a promising noninvasive method of enhancing gene transfection efficiency both in vitro and in vivo (Deshpande and Prausnitz, 2007; Mitragotri 2005; Van Wamel et al. 2006) . As reported, US exposure assisted by ultrasound contrast agents (UCAs) can transiently enhance cell membrane permeability to facilitate the entry of foreign gene/drugs into cells. This biophysical process is called sonoporation (Forbes and O'Brien 2012; Van Wamel et al., 2006) . Since US can be non-invasively focused on a target inside the body, US-mediated DNA transfection may achieve in vivo gene delivery with high spatial and temporal control, providing significant clinical advantages (Fischer et al. 1999) .
Here, branched 25-kDa PEI (bPEI) was selected because of its relatively high transfection efficiency (Boussif et al. 1995) . The influence of microbubble-induced inertial cavitation (IC) on the transfection efficiency and cytotoxicity of bPEI-mediate VEGF 165 transfection was investigated. In the experiments, 1-MHz US exposures were applied to HEK 293T cells, which were mixed with bPEI: VEGF 165 complexes at varied N/P ratios. The aim of the present study was to determine whether VEGF 165 transfection efficiency could be increased without lowering cell viability. The influence of microbubble-induced inertial cavitation (IC) on the efficiency and cytotoxicity of bPEImediated VEGF 165 transfection was investigated, in an effort to further understand the mechanisms of IC-enhanced bPEI-mediated DNA transfection, and to optimize the efficacy and safety of this method for gene therapy.
MATERIALS AND METHODS
Branched polyethylenimine (bPEI), with a molecular weight of 25 kDa, was purchased from Sigma-Aldrich (St. Louis, MO, USA). bPEI:DNA complexes were prepared by rapidly adding 8 ȝg of plasmid pEGFP-N1-VEGF 165 into an appropriate volume of bPEI solution to produce bPEI:VEGF 165 complexes with varying N/P ratios (Thomas and Klibanov 2002) . Here, the N/P ratio can be calculated as PEI DNA N/P 7.55 m m u (Felgner et al. 1997) , where mPEI and mDNA represent the molecular weight of bPEI and plasmid DNA, respectively. The mixture was vortexed for 30 s and incubated at room temperature for 30 min before adding to the cell suspension.
The US exposure apparatus and passive cavitation detection (PCD) system are shown in Fig. 1 . All experiments were performed in an acrylic tank filled with degassed water. An arbitrary waveform generator supplied 1-MHz sinusoidal pulses at fixed 20-cycle pulse length and 250-Hz pulse repetition frequency (PRF), with varied driving amplitudes. The output signals from the waveform generator were amplified through a RF power amplifier with a fixed gain of 50 dB. A plastic test tube was aligned axially with the source transducer so that the center of the suspension was situated at the focal region. A self-made 5-MHz single-element non-focused transducer, used for PCD measurements, was located perpendicularly to the 1-MHz transducer so that its natural focus was orthogonal to the source transducer. The acoustic scattering from bubbles and acoustic emission from inertial cavitation in the focal volume were collected by the 5-MHz transducer and digitized by an oscilloscope. Co-focusing of the transmitter and receiver transducers was achieved by using a needle hydrophone (TNU001A, NTR Systems, Inc., Seattle, WA, USA). SonoVue£ was used as the ultrasound contrast agent (UCA). The Human Embryonic Kidney (HEK) 293T cells were harvested using Trypsin-EDTA and resuspended in 0.5 ml PBS at a concentration of 2.0 × 10 6 cells/ml. The bPEI:VEGF 165 complexes, with varying N/P ratios, and 1.0 × 10 7 UCA microbubbles in 0.5 ml PBS were individually added to the cell suspension. Every sample was briefly vortexed before it was exposed to ultrasound. The tested acoustic peak negative pressure (P¯) was 0 (sham), 0.15, 0.4, 0.75 or 1.5 MPa. In each case, the sample suspension was insonified with a 20-cycle pulse (the exposure "on" time was 20 ȝs/pulse) for 20s. The negative control sample was 1.0 × 10 6 cells added into 1 ml PBS. Five replicates were performed for each treatment.
RESULTS
First of all, bPEI:VEGF 165 complexes were prepared with different N/P ratios (0, 0.5, 1, 2, 3, 4, 5 and 6). The binding degree of bPEI:VEGF 165 complexes with varying N/P ratios was examined based on electrophoresis (see Fig.  2 ). The bright band represents free DNA. The DNA bands become fainter with increasing N/P ratio, indicating that bPEI and plasmid DNA form tighter complexes. When N/P>3, the migration of nearly all of the DNA was hindered, and no bright bands could be observed, suggesting that the VEGF 165 plasmid had been completely condensed by bPEI. According to the assessment result obtained here, the N/P ratios studied in the following US-assissted bPEImediated VEGF 165 transfection experiments were 0, 1, 4 and 7.
Unlike other approaches that only quantify the intensity of the IC activity, an IC "dose" (ICD) measurement was performed for each measured PCD signal to assess the cumulated IC energy over a specific US exposure duration. The detailed protocol used to quantify ICD can be found elsewhere (Tu et al. 2006) . Figure 3 illustrates the relationship between ICD and acoustic driving pressure for N/P ratios of 0, 1, 4 and 7. ICD significantly increases with increasing P¯, while it is not substantially affected by the N/P ratio. This result indicates that IC activity is dominated primarily by the acoustic energy and the UCA microbubbles, and that the influence of bPEI:VEGF 165 complexes on IC generation can be neglected. It should be noted that, when P¯ > 0.75 MPa, the upward trend of ICD slows down, which indicates that IC activity cannot be raised indefinitely by simply increasing acoustic energy. Because UCAs are thought to function as cavitation nuclei, this ICD saturation phenomenon may be explained by the fact that a significant fraction of available microbubbles are destroyed by strong US exposures. As reported previously, US-mediated DNA transfection is primarily a consequence of sonoporation. Thus, to better understand the mechanisms underlying US-mediated bPEI:VEGF 165 transfection, scanning electron microscopy (SEM) was performed on the treated cells at 10,000× magnification. As shown in Fig. 4a , an intact HEK 293T cell has a spherical shape and a relative smooth surface. Figure 5b -e show the membrane morphology of HEK 293T cells exposed to US pulses with P¯ varying from 0 to 1.5 MPa. At relatively low US energies (e.g., P¯ = 0.15 MPa; Fig. 4b) , only a few tiny holes appeared in cell membranes. With higher P¯, larger sonoporation pores and more rough regions were observed (Fig. 4c, d) , although cells maintained their normal gross morphology. When the US parameters exceeded P¯=1.5 MPa, pore size enlarged drastically, and the cell surface appeared severely buckled, which might result in permanent damage to the cell (Fig. 4e) . As shown in the SEM images, the sonoporation pore diameters approximately distributed between 200 nm and 1ȝm. Since the normal size of 25kDa PEI:DNA complexes has been reported to be about 100-200 nm (Erbacher et al. 1999) , it should be expected that the sonoporation pores observed in the present work should be wide enough for bPEI:VEGF 165 complexes to enter the cells. Collectively considering the results in Figs. 3 and 4 , it indicates that DNA transfection is highly related to the IC activities through the generation of sonoporation pores. It should be emphasized that if P¯ exceeds a certain level (e.g., P¯=1.5 MPa), excessively large pores might be generated in the cell membrane, resulting in permanent damage to cells. In order to examine the effect of microbubble cavitation activity on bPEI-mediated VEGF 165 transfection, VEGF 165 protein secreted into the supernatant of treated cells was quantitatively measured using human VEGF 165 Elisa kit (R&D Systems, Minneapolis, MN, USA) and plotted as a function of ICD. As shown in Fig. 5 , VEGF 165 expression increased with increasing N/P ratio, which is consistent with previous reports (Huh et al. 2007; Yoon et al. 2008) . When N/P>4, VEGF 165 levels were dramatically enhanced by raising the ICD. However, if the ICD exceeded a threshold (i.e., ICD > 800 V*Ps), the enhancement of bPEI-mediated VEGF 165 transfection efficiency was significantly curtailed. However, the enhancement of transfection efficiency by IC activity is not obvious when the N/P ratio is relatively low (e.g., N/P = 0 or 1). A possible explanation for this discrepancy is that insufficient conjugation between VEGF 165 plasmid DNA and bPEI occurs for N/P < 4. Indeed, the electrophoresis studies show that VEGF 165 DNA is completely condensed by bPEI when N/P > 3 (see in Fig. 2) , which agrees well with previous studies (Bertschinger et al. 2006; Fahrmeir et al. 2007; Tang et al. 2003) . For N/P<3, there might be a large amount of naked DNA in the suspension, which is difficult to enter the cells even with the help of US-mediated cavitation (Deshpande and Prausnitz 2007; Qiu et al. 2010) . Therefore, the transfection efficiency of VEGF 165 should be expected to increase with the increasing N/P ratio (as shown in Fig. 5 ), although the cytotoxicity would be enhanced as well (Huh et al. 2007; Yoon et al. 2008 ). FIGURE 6. Treated cell viability measured using CCK-8 assay for varied N/P ratios, of 0, 1, 4, and 7, w/o ultrasound.
To evaluate the cytotoxicity of bPEI and microbubble-induced inertial cavitation activity, the viability of HEK 293T cells exposed to 1-MHz US pulses with varying N/P ratios was measured using the Cell-Counting Kit-8 (CCK-8, Dojindo, Tokyo, Japan). To explicitly demonstrate the effect of microbubble-induced cavitation activity on cell viability, the measured results are plotted as a function of ICD for the different N/P ratios (Fig. 6 ). As shown in Fig. 6 , when only taking into account the cytotoxicity of bPEI (i.e., ICD = 0, US sham), cell viability significantly decreases with increasing N/P ratio, and the lowest cell viability is ~55% at N/P = 7. Without adding bPEI (i.e., N/P=0), HEK 293T cell viability is lowered to ~80% when the ICD reaches its highest level, which indicates that microbubble IC activity has less cytotoxicity than bPEI. Moreover, with the highest ICD applied at N/P = 7, cell viability is only ~20%. If the effects of US sonication and bPEI are independent of each other, the lowest cell viability should be ~35%, which indicates that there is a synergistic deleterious effect of microbubble IC activity and bPEI on cell viability. Considering the extra-large sonoporation pores generated in the cell membranes at relatively high ICD, it might be much easier for bPEI to enter cells, which may heighten its cytotoxicity. This might also explain why VEGF 165 transfection efficiency was very low when ICD was very high (i.e., ICD > 800 V*Ps), especially at N/P= 4 or 7. As shown in Fig. 5 , at N/P=4, bPEI-mediated VEGF 165 transfection efficiency could be effectively enhanced with the generation of microbubble IC activity. At ICD = 841r77 V*ȝs, VEGF 165 expression was 850r117 pg/ml, which is comparable to the expression level (1010r113 pg/ml) at N/P = 7 with the same US parameter settings. The corresponding cell viability at N/P =4 is ~60% (as shown in Fig. 6 ), which is much higher than that at N/P = 7 (~30%). Therefore, by synthetically considering the results shown in Figs. 5 and 6, it might be reasonably to suggest that the N/P ratio around 4 could be regarded as an appropriate level for enhancing VEGF 165 transfection efficiency with the help of US-induced microbubble IC activities.
CONCLUSION
In summary, we investigated the enhancement of bPEI-mediated VEGF 165 transfection by microbubble IC activity. US-induced microbubble cavitation should dramatically enhance the efficiency of gene/drug delivery. Within a particular range of acoustic driving pressure, transfection efficiency is effectively increased. Therefore, with appropriate US parameters, it is possible to achieve a desirable transfection efficiency with a low N/P ratio, which should broaden the applicability of bPEI-mediated VEGF 165 transfection technology, in particular for therapeutic use. Of course, it should be pointed out that, some artificial errors could be generated during the experimental measurement and biological analysis procedures. And due to the much complicate in vivo natures, the current results obtained from in vitro laboratory studies can only provide a clue for the in vivo studies in the future.
